Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are potential materials for highperformance electronic devices and circuits due to their light weight and excellent electrical properties such as high current capacity and tolerance to electromigration. In addition, at high frequencies, these materials exhibit transport behavior which holds special promise for applications as on-chip interconnects. Contact resistance at CNF-metal interface is a major factor in limiting the electrical performance of CNF interconnects at all frequencies. In this paper, it is demonstrated that the contact resistance can be minimized and the high-frequency characteristics much enhanced by depositing tungsten on CNF-metal electrode contacts.
As the downward scaling of silicon integrated circuits (IC) continues, the shrinking of on-chip interconnects dimensions results in degradation in chip performance and reliability. 1 The resistivity of copper, currently the industry-standard interconnect material, increases exponentially with decreasing linewidth in the sub-30 nm regime due to grain-boundary scattering and surface scattering. 2 3 The scaling of interconnect dimensions has also resulted in an increase in the projected current density exceeding the maximum current-carrying capacity of Cu. 1 Thus, novel materials and structures in the nanoscale are needed to meet the demand of smaller and faster interconnects in next-generation ICs which operate at higher frequencies, in particular, transmission lines for broadband circuits. Frequency dependence in interconnect impedance and the presence of a reactive component can lead to undesirable resonance over the range of operating frequencies, which in turn significantly degrades circuit performance.
Materials in nanospace such as carbon nanotubes and graphene have been studied extensively for various applications in nanoelectronics, 1 4 due to their excellent * Author to whom correspondence should be addressed.
electrical and thermal properties. Similar nanomaterials and nanostructures have also been investigated for other applications in nanospace. 5 6 In general, control in nanofabrication of these materials and device structures is key to successful functionalization and in achieving the optimal properties for the desired applications. 7 8 In particular, carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are materials under investigation and exhibit promising properties for use as interconnects in the nanoscale. [9] [10] [11] [12] [13] [14] [15] They have been shown to possess much higher current capacity than Cu and are more tolerant to electromigration, 11 15 as well as other superior physical properties. [16] [17] [18] [19] [20] However, high resistance at the CNF-metal contact due to interface imperfections remains a major challenge.
11 15 16 20-24 Moreover, contact resistance tends to dominate the total resistance of the test device. 21 22 Previously, Madriz et al. developed a technique to characterize CNF interconnects by constructing a lumped-parameter circuit model based on S-parameter measurements. 25 Their findings led to the conclusion that it would be possible to model CNF as a constant resistor up to 50 GHz if the contact resistance is negligible. Preliminary experiments using Pt as a contact material revealed behavior of CNF approaching that of a frequency-independent resistor up to 26 However, those devices were characterized at dc only.
In this paper, improved electrical characteristics of CNFs with W contacts are reported for dc and frequencies up to 50 GHz. The resulting total dc resistance is drastically reduced and the linearity of the I-V characteristic is much improved. Further, we have characterized and modeled the frequency-dependent behavior of CNF test devices. 25 27-29 The results show definitively that using W-deposited electrode contacts, the CNF test device becomes a virtually frequency-independent resistor up to 50 GHz.
The test structure used for this experiment was the same as that used by Madriz et al. for their experiments on twoport device characterization. 25 The layout and design considerations for the test structure were described in detail elsewhere. 25 27 A three-dimensional schematic of the test structure layout is shown in Figure 1 . In particular, the thickness of the SiO 2 layer should be made as large as possible to minimize pad-to-ground coupling. However, increasing the SiO 2 thickness enhances the capacitive coupling between the signal pads. Thus a trade-off exists. 25 27 Based on field-solver simulations and on measurement results from fabricated test structures, the thickness of the oxide between the ground plane and signal pads is chosen to be 3 m. The two-port transmission measurements are conducted for open test structures with 2 m, 2.5 m, and 3 m oxide thicknesses. The test structure with 3 m oxide thickness is selected as it exhibits no resonance up to 50 GHz, while striking a reasonable balance between the pad-to-ground and signal pad capacitive couplings. The test structures were fabricated and patterned using standard Si IC process technology.
To fabricate the test device, CNFs with diameters 100-250 nm were first grown using plasma-enhanced chemical vapor deposition (PECVD) on an oxide-covered Si wafer, with Ni as the catalyst. The CNFs were dispersed in isopropyl alcohol, and then subjected to ultrasound for further dispersion. The resulting solution was drop-casted onto a substrate with patterned test structures. Devices having a single CNF bridging two signal pads were identified with a scanning electron microscope (SEM) and selected for electrical measurements. [27] [28] [29] Figure 2(a) shows a SEM image of a typical dropcasted CNF test device. After identifying such devices and performing initial current-voltage measurements, each device was first subjected to constant-current stressing, which improves the CNF/Au interface, 24 30 thus reducing the contact resistance. While current stressing is effective in reducing contact resistance of the drop-cast devices, 23 it does not ensure a stable electrode contact. Thus it is essential that a more reliable technique is developed to form a stable ohmic contact for CNF interconnects. Toward this end, W is deposited onto the CNF/Au electrode contacts using ion-beam-induced deposition (IBID) technique, as shown in Figure 2(b) . For IBID, we use a focused ion beam system with W(CO) 6 as the W source. 26 The optimum deposition spot size and separation between electrode contacts are selected based on the criterion of minimum tungsten spread along the length of CNF to avoid potential shorting of the device. 26 High-frequency measurements of S-parameters are performed on CNF test devices before and after W deposition using a vector network analyzer (VNA 
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Results for the extracted RC-circuit model parameters, R F (≡ 1/G F and C F , for a typical test device are shown in Figure 3 . RF measurements and circuit modeling results for CNF interconnect test devices were first reported by Madriz et al. 27 28 Those initial findings suggested that it would be
Frequency (GHz) possible to model CNF as a constant resistor up to 50 GHz provided that the contact impedance is negligible. Preliminary results using IBID-Pt as a contact material reduced the frequency variations of R F and C F to about 20% across the entire frequency range as compared to over 75% for the annealed contacts. 28 However, the current voltage (I-V ) behavior of the Pt-contact devices was not ohmic, unlike those with deposited-W contacts. 26 Other metals such as Au, Pd, Nb, Ti, Cu, and graphitic carbon have been used as electrode contact materials to reduce contact resistance. [32] [33] [34] [35] [36] [37] [38] [39] [40] However, the results reported were obtained either at dc only or showed significant dependence of impedance on frequency. In particular, only one study was conducted up to 100 GHz showing strong dependence of impedance on frequency, 34 and the rest were at either dc or lower frequencies. Recently, graphitic carbon was studied as a contact material, which yielded low dc contact resistance. [40] [41] [42] In order to fully assess the potential for interconnect applications, high-frequency measurements and analysis are essential.
As shown in Figure 3 , the total impedance of CNF devices after drop-cast is highly frequency-dependent. This frequency dependence is primarily due to the presence of contact impedance at the CNT/metal electrode interface. In order to enhance the potential of CNF for onchip interconnect applications, such frequency dependence must be minimized. After IBID-W deposition, as shown in Figure 3 , the frequency dependence of R F is significantly reduced and C F becomes vanishingly small. Thus the CNF test device including contacts can be modeled as a constant resistor. Saito et al. 26 demonstrated the use of W as a suitable electrode contact material to reduce the contact resistance and this finding has been confirmed by the results in Figure 3 . Deposited W at the CNF/electrode contact yields an ohmic contact and contact impedance with a negligible reactive component, leaving the test device with only intrinsic CNF resistance and a small contact resistance. In addition, W deposition increases the effective contact area and improves the interface integrity at the electrode between the drop-casted CNF and the Au pad, thus drastically reducing unwanted tunneling transport across the interface, as supported by the linear I-V characteristics shown in Figure 3(a) . 23 24 Our results show that the frequency dependence of CNF test device impedance is largely due to its contacts. Once the contact impedance is minimized, the CNF test device impedance becomes almost purely resistive, consisting of mostly CNF resistance. Such behavior is achieved with W-deposited electrode contacts for frequencies up to 50 GHz. The key in achieving such behavior lies in the reduction of contact impedance with W electrodes. W is compatible with Si IC fabrication process as it is used in interconnect vias. Thus, W electrode contacts for nanocarbons can lead to better assessment of their potential as next-generation on-chip interconnect materials. Further study is needed to determine if W compounds such as oxide and carbide are present at or near the electrode contact interface and their effects on the electrical properties of the CNF test device.
